The Violet-throated Metaltail Metallura baroni is a high altitude hummingbird endemic to south-central Ecuador currently considered globally 'Endangered'. Here we present the first detailed assessment of its distribution, ecology and conservation. We first used a maximum entropy model (Maxent model) to create a predicted distribution for this species based on very limited species occurrence data. We used this model to guide field surveys for the species between April and October 2006. We found a positive relationship between model values and species presence, indicating that the model was a useful tool to predict species occurrence and guide exploration. In the sites where the metaltail was found we gathered data on its habitat requirements, food resources and behaviour. Our results indicate that Violet-throated Metaltail is restricted to the Western Cordillera of the Andes Mountains in Azuay and Cañ ar provinces of Ecuador, with an area of extent of less than 2,000 km 2 . Deep river canyons to the north and south, lack of suitable habitat, and potential interspecific competition in the east may limit the bird's distribution. The species occurred in three distinct habitats, including Polylepis woodland, the upper edge of the montane forest, and in shrubby paramo, but we found no difference in relative abundance among these habitats. The metaltail seems to tolerate moderate human intervention in its habitats as long as some native brushy cover is maintained. We found that Brachyotum sp., Berberis sp., and Barnadesia sp. were important nectar resources. The 'Endangered' status of this species is supported due to its restricted distribution in fragmented habitats which are under increasing human pressures.
Introduction
Hummingbirds of the genus Metallura are among several taxonomic groups that have radiated in the Andes Mountains (Graves 1980 , García-Moreno et al. 1999 . Metallura comprises nine species whose ranges tend to replace each other with elevation and latitude from Venezuela to northern Chile (Fjeldså and Krabbe 1990) . Among these species is the Violet-throated Metaltail Metallura baroni, a high Andean species considered globally 'Endangered' (BirdLife International 2004) because of its restricted distributional range in south-central Ecuador Krabbe 1990, Ridgely and Greenfield 2001) . Until the late twentieth century, this species was known only from a few reports, but more recently the bird has been detected during surveys conducted in the mountains of Cajas National Park, Mazán Protection Forest, and surrounding areas in Azuay province (Ortiz-Crespo 1984 , King 1989 , Rodas 1998 . While these surveys yielded additional reports of the Violet-throated Metaltail, they did little to clarify its range, habitat requirements or ecology. The few published reports that exist have focused on general characteristics of its habitat, and the use of some nectar resources (Ortiz-Crespo 1984 , Fjeldså and Krabbe 1990 , Rodas 1998 , Ridgely and Greenfield 2001 . A more complete knowledge of the Violet-throated Metaltail's geographic distribution, ecological requirements and potential factors limiting its population size is essential to protect and manage this species (Matheus 2002) . Here we present the first comprehensive survey of the distribution and status of the Violet-throated Metaltail. We combine computer modelling to predict the geographic range of the species, with field work to verify our prediction, and we collect additional ecological and behavioural data of habitat use at local scales.
The use of species distribution modelling has been advocated as a tool to guide exploration of the geographic distribution of poorly known species (Graham et al. 2004a, Soberó n and Peterson 2004) . Nonetheless, there has been little work to determine if it is indeed a valid tool for this application, especially in topographically complex and poorly studied regions where it is perhaps most useful. We used available occurrence records of the Violet-throated Metaltail to create a species distribution model to extrapolate its potential geographic range. We used this prediction to guide intensive searches across the potential range of the species. In order to evaluate the influence of human land-use on the study species' distribution and abundance, we surveyed both natural and human-influenced habitats. We also gathered detailed behavioural observations and quantified food resources and habitat characteristics in regions where we observed the species. We conclude with recommendations for the conservation of this narrowly distributed Andean endemic.
The topography of the area is markedly irregular. On the interior flanks of the Andes, slopes can be in the range of 30-60%, while on the exterior flanks they may exceed 60% (White and Maldonado 1991) . Evidence of the effects of the last glacial maximum is widespread, especially in the Western Cordillera where remnant glacial lakes, U-shaped valleys, and glacial cirques are common elements of the landscape (Harden and Borrero 2005) .
The study area has two major vegetation types above 3,000 m: high montane forest, and paramo which consists of grassland in the east and grassland and Polylepis forest fragments in the west (Baquero et al. 2004) . In addition, the upper elevation edge of montane forest represents a distinct ecotone. Human induced disturbance is widespread in the area so that native montane forest is now confined to the least accessible areas (Vanacker et al. 2007) . Likewise, the paramo is frequently used for ranching and agriculture. Burning of the grass to promote regeneration is an ancient tradition that is still widely employed (White and Maldonado 1991) .
Species Distribution Models
Because the range of the species was poorly known and suitable habitat seemed to occur beyond the known range of Violet-throated Metaltail (Matheus 2002 , BirdLife International 2004 , we first used species distributional modelling to select geographic areas for intensive searches of suspected range extensions, and to determine focal sites for ecological studies of the species. In species distribution modelling, environmental conditions associated with known bird occurrences plotted on GIS-based climatic maps are used to build a statistical model to predict regions of suitable habitat. Hence, modelling requires two kinds of data: occurrence records of the study species and environmental variables.
Occurrence records were taken from Abbruzzese et al. (1996) , Rodas and Tinoco (2003) , Hobson et al. (2003) , collections of the Museo Ecuatoriano de Ciencias Naturales (MECN) in Quito, Ecuador, and pre-field work personal observations of the authors. This yielded 13 unique georeferenced Violet-throated Metaltail occurrences. Climatic data for modelling came from Hijmans et al. (2005) with a grid size of 1 km 2 . While this resolution may be too coarse to capture all environmental variation in this topographically complex region, we assume that it provides useful information at the scale of the species' geographic range. We used eight environmental layers for the predicted model which summarized annual means and variation in climate, including mean annual temperature, temperature seasonality, mean temperature of the coldest quarter, mean temperature of the warmest quarter, annual precipitation, precipitation seasonality, precipitation of the wettest quarter, and precipitation of the driest quarter.
We used the maximum entropy model (Maxent) to model the distribution of the species (version 2.3, Phillips et al. 2006) . This method uses occurrence data to create distributional models, and has proven to be robust and precise compared to other methods (Elith et al. 2006) . The method also produces useful models with small sample sizes Hernandez et al. 2006) , and so is especially valuable for exploratory research. The environmental variable values at the presence localities impose constraints on the unknown distribution such that the mean and variance of the environmental variables in the model prediction are close to the empirical values of the occurrence data. Put more technically, the maximum entropy approach then approximates an unknown distribution using the known occurrences and background points (all points/grid cell values in the study region) that maximizes entropy, subject to the constraints imposed by the known occurrences. The result of Maxent shows a map where every grid has a value of 0-100; this represents the relative suitability (not probability, as we have no absence data) of species occurrence . Maxent is not strongly influenced by the number of environmental parameters used to build models because it ignores those that are noninformative, and uses regularization techniques to avoid over-parameterization . Nonetheless, while a large number of predictor environmental variables can be used to create a distribution model, care should be used in drawing biological inference about the importance of individual variables. We used Maxent only to build a model, not to draw inference. We evaluated the model using a single partition where the model was built with ten points and tested with the remaining three points. We used the area under the receiver-operating curve (AUC) to evaluate model performance (Fielding and Bell 1997) . We did not conduct a more thorough evaluation because our model was only for exploratory purposes to identify potential regions where the species might exist.
Bird Surveys
Using our map of suitability values generated by the Maxent model for the potential distribution of the Violet-throated Metaltail (Figure 1) , we searched from April to October 2006 in areas predicted to have high suitability to determine if the species was present. We also searched several regions that had low suitability values in north-eastern Azuay and south-eastern Cañ ar provinces because the species had previously been occasionally reported there (Hobson et al. 2003 , L. Navarrete pers. comm.). Two people working together intensively searched 43 sites by walking 96.7 km. Our searches averaged 1.9 6 1.7 SD km per site. These searches were primarily in the Western Cordillera (29 sites and 68.7 km), but we also searched in the Eastern Cordillera (14 sites and 28.0 km).
While searching we walked through potential habitat surveying for the species from 06h00 to 13h00 hrs, registering individual birds by sight or call, and trying to survey each habitat with an Figure 1 . Modelled habitat suitability of Violet-throated Metaltail (Metallura baroni) in southcentral Ecuador using the Maxent method. The (D) represents sites visited where the species was found after confirmation field surveys. The (s) indicates sites visited where the species was not found after validation field surveys. Each survey point represents a mean 1.9 km route. intensity relative to its abundance in the landscape. Concealing habitats, such as dense brush and canopy forest, were also carefully searched. At the end of each day the number of kilometres walked in each habitat type was calculated and recorded by a geographic positioning system (GPS). The conservation status of each transect completed in each habitat type was evaluated visually and classified as: 'not disturbed' when no signs of disturbance were evident; 'moderately disturbed' when the land was occupied for human productive activities but some native vegetation stands were present; and 'severely disturbed' when human induced degradation was widespread. We were aware that this transect-level classification scheme may mask microhabitat variation that could be important to the species, therefore we tried to select routes within transects such that the level of disturbance within a transect was similar.
Ecological Observations
Behavioural data were gathered each time an individual was observed and for as long as the bird was in view. Activities were classified as: perching, preening, foraging for nectar, and foraging for arthropods. Each activity was characterized by recording, where possible, the height of the bird above the ground, focal plant species used, and total height of the focal plant species. We also quantified the vertical vegetation structure with a foliage height profile at each observation by establishing a 20 m radius plot centred on the exact location where a bird was first observed. We used a GPS to record the location of this occurrence. Within this plot we established four transects: one each to the north, south, east and west. At each 4-m interval along these transects we used a marked, 3-m pole and recorded the presence or absence of vegetation touching the pole at 0.5 m intervals from 0-3 m. Beyond 3 m we visually estimated the presence or absence of vegetation at 1 m intervals until reaching the top of the canopy. Finally, broad scale habitat characteristics were recorded including dominant vegetation type and canopy height.
Statistical Analyses
We used XLSTAT-Pro version 7.5 (Addinsoft 2004) software for all statistical analyses with alpha 5 0.05. We used the hummingbird encounter rate per km travelled as an index of the relative abundance of the species in each type of habitat. The Kruskal-Wallis test (Zar 1984 ) was used to test for a difference in relative abundance of hummingbirds among habitats, and a MannWhitney U-test (Zar 1984 ) was used to compare the relative abundance of the species among habitats with different conservation status.
To explore habitat use and behaviour by this species we used association data garnered only from the second observed manoeuvre by each focal individual to avoid a bias towards the more conspicuous behavioural manoeuvres and to avoid the lack of independence associated with sequential observations (Hejl et al. 1990 ). We used a chi-square test (Zar 1984) to explore the difference in behaviours among habitats.
Results

Distribution
We collected 95 visual and audio occurrences of the Violet-throated Metaltail. Our records included observations on both slopes of the Western Andes at elevations ranging from 3,150-4,000 m. The northern limit for the species was at the Río Cañ ar canyon in Cañ ar Province. From there and to the south we consistently recorded the species throughout the mountains, with our southernmost record occurring at Narihuiñ a, just before the Western Andes descend to meet the Río Jubones canyon.
Our distribution model performed well based on our single partition (AUC 5 0.993). All of the sites in the Western Andes where the hummingbird was found to be present were predicted by Maxent to have a relatively high suitability (mean 5 66.01 6 22.55 SD) for the species (Figure 1) . We did not find the species at sites of low suitability (mean 5 14.26 6 10.23 SD) in the Eastern Andes.
To obtain the most accurate final distribution model of the hummingbird we reran our model with 68 independent occurrence records in which we imposed a threshold to estimate the extent of occurrence of the species. There is considerable debate, and little advice, on the best method to choose a threshold, especially for occurrence only data (Loiselle et al. 2003 , Lui et al. 2005 . Pixels with a cumulative value $ 40 were chosen to represent the extent of distribution of the species based on the 10 percentile threshold value (i.e., 90% of the points were contained within the predicted area). While this threshold could increase the omission rate (sites predicted as negative where the species is truly present; Fielding and Bell 1997 , Fielding 2002 , Loiselle et al. 2003 , we wanted to be conservative given the environmental complexity of the region. The resulting distribution of the species covered 1,861 km 2 (Figure 2) . The area of occupancy is likely less than that, however, due to habitat limitations (see Habitat below) which generates patchiness in the distribution of the species within this broader predicted range.
Most of our records of the species are from sites above 3,300 m elevation, but we collected evidence that suggests that at least some Violet-throated Metaltails migrate altitudinally, moving to lower elevations near 3,000 m during the second half of the year. Some support for this observation comes from a constant-effort bird ringing programme that we operated during the same time period in the Llaviuco sector of Cajas National Park at 3,150 m. We caught nine 
Habitat
The Violet-throated Metaltail was found inhabiting all three types of vegetation: Polylepis forest and shrubby paramo, as well as the upper elevation edge of montane forest. However, the species did not prefer any one of these three types of habitats (v 2 2 5 1.64, P 5 0.51; Table 1 ). None of these habitats are continuous in the Western Andes, but are scattered throughout our study area. We found suitable hummingbird habitat intermixed with open paramo, and habitat also intermixed with severely disturbed habitats including extensive cattle pastures and mature exotic pine plantations where the species was not found ( Table 2) .
The relative abundance of this species between disturbed and moderately disturbed sites was similar (Z 5 1.960, P 5 0.90; Table 2 ), indicating the birds' presence as long as the habitats still contain significant amounts of native vegetation. Human activities in the moderately disturbed habitats included clearings for farming, wood extraction, cattle grazing, young pine forest plantations, and paths made by tourists. All of these plots still contained native bushes and trees where the Violet-throated Metaltail was found.
We recorded detailed habitat characteristics around 58 individuals whose exact location on a particular perch or foraging substrate could be determined with certainty. The mean height of the canopy in habitat used by these birds did not exceed 2.3 m at any of the sites, indicating the dominance of shrubs in activity areas. In general, Polylepis and montane forests in the study areas usually have a mean canopy height higher than the 2.05 6 1.44 SD m we found (BAT, pers. obs.), but 86% of our observations from these habitats came from the border areas where a higher percentage of mixed species of shrubs contribute to a lower mean canopy height. Nonetheless, these results should be viewed conservatively because birds are more conspicuous in shrubs than in forest interior.
Foliage height profiles from the three habitats revealed a similar vegetation structure (Figure 3) , with a high percentage of vegetation cover in the lowest strata. This indicates that Violet-throated Metaltails' habitats are mainly shrubby, with only a few scattered trees.
Behaviour
Based on results from the second behavioural observation for each of 58 birds, 52% (30) of the metaltails observed were foraging, while 48% (28) were perching. Of the foraging individuals, 70% (21) were observed feeding on nectar resources, while 30% (9) were foraging for arthropods. The number of foraging attempts for nectar or arthropods among shrubby paramo, Polylepis forest, and upper edge of montane forest sites did not differ significantly (v 2 2 5 5.99, P 5 0.29), indicating that foraging strategies were similar among habitats. We found the species feeding on We found that Violet-throated Metaltail fed on arthropods occurring on three types of substrates: vegetation (including Brugmansia sp., Gynoxis sp., and Valeriana sp.), moss (on the ground), and in the air. The manoeuvres that metaltails employed to capture prey items varied among substrates. Following Remsen and Robinson (1990) and Stiles (1995) , these techniques included hover-gleaning on vegetation (67% of observations), sally-pouncing on ground mosses (25%), and sally-hawking in the air (8%).
Across all habitats and foraging methods, Violet-throated Metaltails foraged at a mean height of 1.35 6 1.88 SD m (n 5 30). Fifty percent of the foraging activities were , 1 m in height; 23% occurred at 1-2 m; 20% were observed at 2-3 m; and 7% of foraging actions were . 3 m from the ground (Figure 4) . The maximum height of all substrates where the species foraged was a mean 1.87m 6 2.33 SD.
The Violet-throated Metaltail was observed perched on the top of shrubs or at the end of exposed branches at a mean height above ground of 2.07m 6 1.11 SD (n 5 28). In 11% of the observations the perch site was , 1 m in height. Thirty-two percent of perch sites were at 1-2 m; 25% of records were from 2-3 m; 21% were at 3-4 m; and 11% of perch birds were recorded at 4-5 m (Figure 4) . The total height of the substrates where Violet-throated Metaltail perched was a mean 2.84 6 1.56 SD m. Gynoxis (Asteraceae), Polylepis (Rosaseae) and Escallonia (Escalloniaceae) were the most common plant species where the species perched.
On four occasions between June and July we observed what appeared to be courtship display behaviour for the species. A male and female bird moved through the foliage chasing each other while making frequent vocalizations. The female then perched on an exposed branch while the male hovered in front of her, making a series of flights of about 2 m each in multiple directions. After each short flight the male returned again in front of the female where he hovered for less than 3 sec. The total display lasted approximately 20 sec.
Discussion
Violet-throated Metaltail was found exclusively in the Western Cordillera of the Andes. Its area of extent appears to be restricted by two deep canyons cutting the Andes at Río Cañ ar to the north and Río Jubones to the south. The barrier effect of deep river valleys on the expansion of bird ranges has been recognized before (Poulsen and Krabbe 1998) . Further, Jorgensen et al. (1995) postulated that the Giron-Paute Valley, located between the Western and Eastern Cordilleras, represented a dispersal barrier during both the glacial and interglacial periods. Speciation processes in the high Andes are thought to be the result of dispersal during interglacial periods when habitat was likely more extensive, followed by isolation and extinction of populations during colder and drier Pleistocene glacial periods (Graves 1980 , Barnett 1997 , Graham et al. 2004b , Pérez-Emán 2005 , Weir 2006 , Cadena et al. 2007 . Therefore, the above-mentioned barriers may have influenced speciation processes in the Western Andes of Azuay and Cañ ar provinces which has seven other endemic vertebrate species (two rodents and five frogs) in addition to the Violet-throated Metaltail (Martínez et al. 2005) . Even though we searched extensively for the Violet-throated Metaltail in the Eastern Cordillera of the Andes, we were not able to confirm its presence there. The Eastern Cordillera in Azuay Province is regularly visited by birdwatching tours and research expeditions, but we are aware of only three reports of the species in this area (Ridgely and Greenfield 2001, Hobson et al. 2003, L. Navarrete pers. comm.) . It appears that the presence of the species in the Eastern Andes is not regular, and that those reports might come from vagrant individuals which may cross the Andes using a high altitude transverse corridor present in Cañ ar, north of the study area (Poulsen and Krabbe 1998) .
We believe that a limiting factor for population establishment of Violet-throated Metaltail in the Eastern Andes could be low habitat suitability in the Eastern Andes as revealed by our Maxent analysis, which also suggested that there are particular climatic conditions prevalent in the Western Andes which distinguish these mountains from the conditions found in the Eastern Andes. In particular, the Western Andes are drier than the Eastern Andes.
Another limiting factor in determining the distribution of the Violet-throated Metaltail may be competition with its congener, the Viridian Metaltail M. williami, which is a very common hummingbird in the area and has similar ecological requirements Krabbe 1990, García-Moreno et al. 1999) . From our observations, the Viridian Metaltail exhibits territorial behaviour and responds extremely aggressively to playback of Violet-throated Metaltail vocalizations. The low productivity, reduced resource base, and short stature of vegetation at higher elevations, are factors which likely constrain the possibility of coexistence of sister taxa in the high Andes (Graves 1985) .
We did not find differences in the relative abundance of Violet-throated Metaltails among Polylepis forest, shrubby paramo, and the upper elevation edge of montane forest. This is likely 1 -1,9 2 -2,9 3 -3,9 4 -4,9 5 -5,9 6 -6,9 7 -7,9 8 -8,9 9 -9,9 10 -10,9 11 -11,9
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Upper edge of montane forest % of sites with foliage cover Height class (m) Figure 3 . Foliage height profiles in the three habitats used by Violet-throated Metaltail Metallura baroni in south-central Ecuador.
because the foliage height profiles were similar among habitats and moreover, important food resources, including Brachyotum and Berberis, can occur in a variety of habitat types above 3000 m elevation throughout the Ecuadorian Andes (Jorgensen and Leó n-Yánez 1999) . Given that habitat structure and food resources often determine habitat selection of a species (Petit and Petit 1996) , it is not surprising that relative abundances were similar. Nonetheless, this does not conclusively indicate that all habitats are equally suitable. Abundance related parameters are not always good indicators of habitat quality for a species ( Van Horne 1983) ; thus, direct measures of fitness (i.e. reproductive success, home range size, and survival) and population structure (sex and age ratios) are needed to fully evaluate the quality of habitats for the species (Ló pez-Ornat and Greenberg 1990, Latta and Baltz 1997, Humple et al. 2001) . The Violet-throated Metaltail most often visited flowers of Brachyotum sp., Berberis sp., and Barnadesia arborea. These tree species are known to be a common nectar resource for other Metallura species in the high Andes (Fjeldså and Krabbe 1990) . King (1989) reported Castilleja fissifolia (Scrophulariaceae) as the most important flower for Violet-throated Metaltail during July-October, but in our research we did not observe metaltails feeding on this species, suggesting that there may be seasonal differences in resource use among habitats.
Consumption of arthropods is a well known behaviour for hummingbirds. Although rates of insectivory differ among species (Kuban and Neill 1980, Remsen et al. 1986) , their importance in the diet is thought to increase with elevation (Remsen et al. 1986 ) because nectar concentrations in flowers are more dilute in the highlands than in the lowlands (Wolf et al. 1976) . In contrast, Stiles (1995) reported that foraging on arthropods comprised nearly 50% of the foraging attempts by a hummingbirds in lowland Costa Rica -a much higher rate of insectivory than the 30% that we found for the high elevation Violet-throated Metaltail. Unfortunately, few other data are available on insectivory across elevational gradients.
Conservation
The Violet-throated Metaltail is considered 'Endangered' at national and global scales (Granizo et al. 2002 , Birdlife International 2004 on the basis that it occurs in fragmented habitats over an area of , 5,000 km 2 and the population is presumed to be in continuous decline. Indeed, our study confirms that the species has a very patchy distribution across its extent of occurrence of less than 2,000 km 2 , and its habitat is under increasing pressure from human activities such as road construction, cattle ranching, burning and wood extraction. Cajas National Park and the nearby Mazán Protection Forest are the only protected areas within the Violet-throated Metaltail range that actually have conservation plans (both sites are managed by the local public water and telephone company, ETAPA), and these two areas comprise , 10% of the species' extent of occurrence (Figure 2) . The species was also registered in two other Protection Forests, Sunsú n-Yanasacha and Yanuncay-Irquis. However, Protection Forests are not part of the national network of protected areas (SNAP) in Ecuador. These reserves also allow for human productive activities within their borders, therefore they do not guarantee the conservation status of the habitats they are supposed to protect (Rodas 2001) . Although the Violet-throated Metaltail was found in habitats with some degree of disturbance, these habitats always had some remnants of native vegetation. Given these results we suggest that substantial remnants of native vegetation should be left in landscapes dominated by human activity in order to provide habitat for the species. We also suspect that open paramo and extensive cattle pastures, especially in the northern and southern parts of its range, may limit dispersal of hummingbirds. Continued destruction of shrubby habitats in these regions may lead to further fragmentation of populations and to local extirpations (Brooks et al. 1999 , Wiegand et al. 2005 .
The information gained in this study on habitat use can be incorporated into our regional Maxent prediction of the species range. Fine scale aerial photographs or remote-sensing imagery could be used to identify the distribution of Polylepis forest, shrubby paramo, and upper elevation edge of montane forest. While this fine-scale mapping and image analysis was beyond the scope of the current study, it may be useful in the future and could lead to new analyses of the conservation status of the Violet-throated Metaltail. For example, genetic information could be used to determine the degree of connectivity among populations isolated in different remnants of suitable habitat across its range. We also suggest that studies of reproductive success and other measures of fitness should be initiated to confirm the relative value of the different habitat types for the Violet-throated Metaltail and the impact of moderate disturbance by humans on hummingbird populations.
